The golden trumpet tree bark (GTB), a wood-processing residue, was tested as adsorbent material for decontamination of wastewaters containing methylene blue dye (MB). The powdered material was preponderantly amorphous, containing an irregular surface with the presence of lignin and holocellulose. The adsorption was favorable at basic pH of 10 and adsorbent dosage of 0.5 g L −1 . The kinetics has finished in only 30 min and fitted by the general order model (GO). The isotherm behaviors were successfully represented by the Langmuir model. The value found for the maximum adsorption capacity was 232.25 mg g −1 , being obtained at 328 K. The standard variation of Gibbs free energy (ΔG 0 ) ranged from − 10.77 to − 8.09 kJ mol −1 , indicating a spontaneous and favorable adsorption. A variation of standard enthalpy (ΔH 0 ) of 18.58 kJ mol −1 revealed an endothermic adsorption. A sloped forward curve was found in the continuous operation, with breakthrough time (t b ) of 325 min. The stoichiometry capacity of the column (q eq ) and the length of mass transfer zone (Z m ) were, respectively, 23.57 mg g −1 and 11.28 cm. The GTB was efficient in the treatment of a simulated effluent, obtaining color removal of 96%. These results show that GTB can be applied as adsorbent for decontamination of wastewaters containing methylene blue.
Introduction
Methylene blue (MB) dye is a commonly used substance in the dyeing industry. It is a harmful substance to human health, causing an increase in heart rate, vomiting, jaundice, etc. Industry's release of MB causes serious environmental damages. Thus, the removal of MB from the water phase is of great importance. The removal/degradation of contaminants from wastewaters can be performed by different techniques: filtration, adsorption, Fenton, ozonation, photocatalytic degradation, reverse osmosis, coagulation, membranes, biological oxidation, and others (Kumar et al. 2016 ). Among the various unit operations, adsorption is considered a highly efficient technology for removing contaminant molecules from liquid effluents. The main advantages associated with adsorption are low cost, high efficiency, simplicity, and flexibility of design (Anastopoulos et al. 2017) .
In the majority of industrial processes, activated carbon is the preferred adsorbent. Activated carbon has a series of advantages, but the costs for production and regeneration can restrict its application (Cao et al. 2014) . This scenario has drawn the attention to the development of effective adsorbents to improve adsorption capacity and make the process more trustworthy. The application of industrial and agricultural wastes as adsorbents has gained attention due to its abundance and low cost. Lim et al. (2015) have used the breadfruit skin for removal of crystal violet; Rammel et al. (2011) have also applied for adsorption of crystal violet. The adsorption of methylene blue has been studied by Shakoor and Nasar (2017) using Cucumis sativus and by El-Sayed (2011) applying palm kernel fibers. Furthermore, Georgin et al. (2018a) have demonstrated that the chestnut husk can be applied as adsorbent for crystal violet. Chieng et al. (2015) has applied the Artocarpus camansi as a potential adsorbent for malachite green.
The golden trumpet tree bark (GTB), Handoanthus albus, belongs to the bignoniaceae family. It is a forest species that occurs in a large territory of the Atlantic Forest, native to Brazil. The wood is moderately heavy, sturdy, and of great durability even under adverse conditions. The tree is widely used for ornamental purposes in the afforestation of squares and streets, due to its small size. It is suitable for external and internal works in construction, generating a lot of wastes, being bark the main one. It has medicinal properties which can be extracted from the bark, leaves, and flowers, used to combat dermatosis, itching, eczema, and gum and throat inflammation (Lorenzi 1992) . However, the capability of golden trumpet tree barks (Handroanthus albus) as adsorbent for wastewater treatment was not explored yet. So, this work searches an alternative application for this type of wood waste.
In this work, it was evaluated the capability of GTB (Handoanthus albus) as an adsorbent to uptake methylene blue (MB) from aqueous effluents. For this purpose, the adsorbent was prepared and characterized by different techniques. The batch adsorption assays were conducted in different experimental conditions. The adsorption kinetics, isotherms, and thermodynamics were studied. Fixed bed experiments were also conducted. Lastly, the adsorbent was applied in the treatment of simulated effluent, aiming to test the material efficiency under real process conditions.
Materials and methods

Obtainment and characterization of GTB adsorbent
Golden trumpet tree bark was obtained at a local woodprocessing industry. The material was initially grounded in a knife mill and sieved. The particles with size of 0.20 mm or minor were reserved. Then, the material was washed with an ethanol solution (50% v/v) at 60°C during 35 min, under a constant stirring rate of 150 rpm. This washing procedure was repeated five times, aiming to remove any organic extractives. Lastly, the decanted material was filtered and dried at 60°C during 72 h. A powdered material with moisture content of 4.5 ± 0.5% was obtained, which was named GTB.
The characterization of the GTB was realized by the following techniques: the crystallographic phase was identified by X-ray powder diffraction (XRD) (Rigaki, Miniflex 300, Japan); the functional groups were determined through Fourier-transformed infrared spectroscopy (FTIR) using KBr tablets, operating in a range of 4000 to 400 cm −1 (Shimadzu, IR-Prestige-21, Japan); the GTB structure was determined by scanning electron microscope (SEM) at 10 kV (Jeol, JSM-6060, Japan); the TAPPI T204 cm-97 and TAPPI T222 om-02 methods (Sluiter et al. 2010) were applied for determination of the extractive quantities, lignin, and holocellulose.
Adsorptive potential of GTB for methylene blue removal
The adsorptive potential of GTB was evaluated by batch assays, which were conducted using MB (C 16 H 18 ClN 3 S, 319.87 g mol −1 ) solutions. The work MB solutions were prepared with distilled water from a 1 g L −1 stock solution. All the experiments were realized in a thermostatic agitator at 150 rpm.
Firstly, the pH effect was analyzed in the range of 2.0 to 12.0, being these values regulated using solutions of NaOH/HCl. The adsorbent (1.0 g L −1 ) was placed in contact with a MB solution (C 0 = 50 mg L −1 ), agitated during 120 min at room temperature (298 K). Secondly, the adsorbent dosage effect was evaluated for 0.25, 0.50, 1.00, 1.25, and 1.50 g L −1 . These different dosages were placed in contact with a MB solution (C 0 = 50 mg L −1 , pH = 10) and agitated during 120 min at room temperature (298 K). Thirdly, the adsorption kinetic curves were made, using the best adsorbent dosage values and pH, under different initial concentrations of MB (25, 50, 100, and 200 mg L −1 ). For each experiment, samples were collected at different time intervals until 180 min. Lastly, the isotherm assays were obtained for the following temperatures: 298, 308, 318, 328 K. Different initial concentrations of MB were used (25, 50, 100, 150, 200 , and 300 mg L −1 ), and the flasks were agitated until the adsorbent/adsorbate equilibrium.
For all experiments, the samples were centrifuged at 3500 rpm during 25 min. This was made to prevent any solid trace on the liquid phase. The concentration of MB present in the liquid phase was measured using a spectrophotometer UV-Vis (Shimadzu, UV mini 1240, Japan) set at 664 nm. All tests performed were made in triplicate with blanks. The MB removal (R, %), adsorption capacity as a function of time (q t , mg g −1 ), and at equilibrium (q e , mg g −1 ) were determined by Eqs. 1-3:
where C 0 is the initial concentration of the MB dye in the liquid phase (mg L −1 ), C e is the equilibrium concentration of the MB dye in the liquid phase (mg L −1 ), C t is the concentration of the MB dye in the liquid phase time (mg L −1 ), and D ads is the GTB dosage (g L −1 ).
Kinetics, isotherms, and thermodynamics
For this work, the following models were chosen to study the adsorption kinetics: Pseudo-first order (Lagergren 1898), pseudo-second order (Ho and Mckay 1998) , general order (Liu et al. 2003) , and Avrami (Avrami 1939) . The models are shown in the supplementary material (S.1). In order to represent the equilibrium conditions, the models of Langmuir (Langmuir 1918 ), Liu (Liu et al. 2003) , and Tóth (Tóth 2002) were chosen, which are presented in the supplementary material (S.2).
The most suitable constant of the isotherm models (k, L mg −1 ) was used for the estimation of the equilibrium constant (k e ) (Eq. 4). Furthermore, the standard Gibbs free energy change (ΔG 0 , kJ mol −1 ), enthalpy change (ΔH 0 , kJ mol −1 ), and entropy change (ΔS 0 , kJ mol −1 K −1 ) were estimated by Eqs. 5-7 (Lima et al. 2019) :
where, M W is the molecular weight of MB (g mol −1 ), γ MB is the activity coefficient of MB dye in solution (γ MB = 1), γ is the unitary activity coefficient of MB (1 mol L −1 ), T is the temperature (K), and R is the universal gas constant in kJ mol −1 K −1 .
Fixed-bed experiment: analysis and modeling
An acrylic column (Z = 25 cm and d = 2.5 cm) coupled with a peristaltic pump (AWG, Provitec, Brazil) was used to perform the fixed bed experiments. The experimental conditions were chosen according to the batch experiments. First, the adsorbent (10.42 g) was mixed with glass spheres, in order to avoid the material compaction. After that, the MB solution (pH = 10, C 0 = 200 mg L −1 ) was pumped (Q = 12 mL min −1 ) into the column. Samples were collected at 5-min interval until the bed saturation. From the breakthrough curve, the breakthrough time (t b , min) and exhaustion time (t e , min) were obtained. The length of the mass transfer zone (Z m ) and the maximum adsorption capacity of the column (q eq ) were then calculated by Eqs. 8 and 9, respectively (Franco et al. 2017) : 
where Q is the volumetric flow (mL min −1 ), t total is the total time of operation (min), C 0 is the concentration feed (mg L −1 ), m ads is the GTB mass (g), Z is the height of the fixed bed (cm). Furthermore, two models were selected to predict the continuous adsorption. The Yoon-Nelson (Yoon and Nelson 1984) and Thomas (Thomas 1944 ) models, here presented by Eqs. 10 and 11:
where k YN is the Yoon-Nelson constant (min −1 ), τ is the time required for 50% adsorbate breakthrough from Yoon-Nelson model (min), k th is the Thomas constant (mL mg −1 min −1 ), and q eq is the adsorption capacity predicted by the Thomas model (mg g −1 ).
Treatment of dye house effluents
The GTB adsorbent was applied in the treatment of a synthetic solution, which was prepared with a mixture of different dyes and salts (Table 1) . For this experiment, a dosage of 3.5 g L −1 of GTB was placed in contact with the synthetic solution during 3 h under agitation of 150 rpm at room temperature. Scanning of the absorbance of the dye solution before and after adsorption, considering wavelengths in the visible spectrum range (300 to 800 nm), was performed using a UV-Vis spectrophotometer (Shimadzu, UV-2600, Japan). The treatment efficiency was estimated by comparing the areas below to the spectral curves.
Calculations procedure
For the parameter estimation, MatLab 2017 was used, and the following functions were required: the minimum region and initial guess were found by "particleswarm"; for restricted models: "lsqnonlin"; for unrestricted models: "nlinfit".
Minimum least squares was used as objective function. Fit quality was evaluated through indicators presented in supplementary material (S.3).
Results and discussion
GTB characteristics
Through the XRD pattern of GTB (Fig. 1a) , it was verified that the adsorbent material presented amorphous structure.
The amorphous phase is characterized by peaks at 2θ = 3.4, 15.3, and 22.5°, representing the functional groups of hemicelluloses and cellulose. The peak at 2θ = 47°is typical of lignin content. These results are in accordance with the contents of holocellulose (cellulose + hemicellulose), lignin, and GTB extracts, which were, respectively, 59.23%, 35.82%, and 4.95%. Similar XRD patterns were found by Georgin et al. (2019) using Cedrella fissilis bark as a biosorbent for RED 97 dye removal. The FTIR spectrum for the GTB is presented in Fig.  1b . The band at 3414 cm −1 may be due to the elongation vibration of the H bonded to -OH and -NH groups in the GTB adsorbent. The sharp vibration observed at 2925 cm −1 is attributed to the asymmetrical elongation of the -CH group. The region around 1735 cm −1 is due to the C=O vibration of the carbonyl group. The band at 1636 cm −1 indicates the presence of a C=C bond. The vibrational signs at 1247, 1027, and 605 cm −1 are attributed to aromatic C=C curvature, C-C elongation, and C-H bending, respectively. All identified signs are typical of lignocellulosic materials.
SEM micrographs of the GTB at different magnifications can be seen in Fig. 2 . The presence of an irregularly connected mesh network was verified. This is related to the presence of long, asymmetrical and unevenly dispersed micro fibrils and fibrils in the hemicelluloses and lignocelluloses existing layers and distributed spaces ( Fig. 2a, b) . Figure 2 c and d show that the surface is highly uneven, with channels clearly visible as hole-like structures. Similar structural characteristics were also found in Araucaria angustifolia bark, used to adsorb crystal violet dye (Georgin et al. 2018b ). These physical characteristics are favorable for MB adsorption as it permits liquid penetration into the outer and inner structure of the GTB adsorbent. 
pH and GTB dosage effects
The pH effect on the MB adsorption onto GTB was evaluated since it is one of the most important factors that affect the process. The results are presented in Fig. 3 . The pH increase from 2.0 to 10.0 resulted in a sharp increase in adsorption capacity from 20 to 85.5 mg g −1 . A further increase in pH from 10 to 12 had no effect on adsorption capacity. This suggests that as pH increases, the surface of GTB material becomes negatively charged, which attracts the positively charged MB. On the other hand, at lower pH values, the protonation of GTB matter repels the positively charged MB and adversely affects the process efficiency. Similar pH influence has also been reported by other researchers, which investigated the MB removal using plant biomass (Dahri et al. 2015) . Thus, the pH 10 was chosen for further experiments.
The GTB dosage effect on the adsorption capacity and MB removal is shown in Fig. 4 . This effect is important since it defines the extension of the adsorption operation. A good adsorbent should have suitable values of adsorption capacity (q) coupled with high removal percentage (R) values. The adsorbent dosage increased from 0.25 to 1.5 g L −1 caused an increase in MB removal percentage from 72 to 98%. This increase is attributed to the higher amount of adsorption sites at higher dosages. It is interesting that even using lower adsorbent dosages, high removal percentages can be attained. From the viewpoint of the adsorption capacity, it presented an inverse dependence. When the adsorbent dosage increased 6 Experimental and predicted data for the isotherm adsorption system MB/GTB (D ads = 0.5 g L −1 , pH = 10, and stirring rate = 150 rpm) from 0.25 to 1.5 g L −1 , the adsorption capacity decreased from 150 to 38 mg g −1 . This is attributed to the aggregation of the adsorption sites at higher adsorbent dosages. Similar behavior has been also reported by other authors for adsorbent modified cellulose (Liu et al. 2015) and modified dextran (Cho et al. 2015) . From the intersection of the curves, it was chosen the optimum adsorbent dosage, in this case, 0.5 g L −1 .
Adsorption kinetics, isotherms, and thermodynamics
The adsorption kinetics of the GTB/MB system is presented in Fig. 5 . It is possible to observe that in the first 25 min, the adsorption occurred at a fast rate. After this step, the adsorption rate decrease until reaching the equilibrium. In this interval, the adsorption capacity achieved 184.83 mg g −1 , for the initial concentration of 200 mg L −1 . The rapid initial rate can be related to the increased availability of GTB surface area, which during the process is progressively occupied by the MB dye (Shi et al. 2013) .
Comparing the values of R 2 , R 2 adj , ARE, and MSE (Table 2) , it is possible to observe that all experimental data showed better conformity with the general order model. In addition, the general order model was capable to predict the adsorption capacity for different initial concentrations. As expected, the kinetic parameter q n increased with the initial MB, attaining 198.09 mg g −1 .
The adsorption isotherms were used to relate the adsorption capacity and the concentration of MB in the liquid phase under the equilibrium conditions. The curves are presented in Fig. 6 . The adsorption isotherms were found to be favorable and can be classified as L curves of type 2, namely, normal isotherm (Giles et al. 1960 ). In addition, it was found that the increase in temperature enhances the adsorption capacity. This phenomenon can be related to the thermal collision and/or changes that occur in the structure of the material at high temperatures (Bonilla-Petriciolet et al. 2017 ).
The Langmuir, Liu and Tóth models were fitted to the experimental data (Table 3 ). Based on the values of R 2 , R 2 adj , ARE, and MSE, the Langmuir model was chosen. The Langmuir constant (k L ) increased with the temperature, suggesting a high affinity between MB and GTB at higher temperatures, and an endothermic nature of the adsorption process. The q L parameter, which represents the maximum adsorption capacity, was directly proportional with the temperature reaching the maximum value of 232.25 mg g −1 at 328 K. Similar behaviors was found by Georgin et al. (2019) using Cedrella fissilis bark in RED 97 dye adsorption. The q L parameter is commonly used in the literature to compare the adsorbent potential for a determined adsorbate. In this sense, a comparison was made based on the materials reported in the literature and the GTB for MB adsorption. This comparison is depicted in Table 4 . At first, it can be seen that the majority of the adsorbents used for MB adsorption were more efficient under basic conditions, corroborating the findings of this work. Concerning the adsorption capacities, among the 18 adsorbents used for the removal of MB, the GTB presented the third-best adsorption capacity. This indicates that GTB is promising in terms of adsorption capacity. Furthermore, GTB is a low-cost residual material with easy preparation, making it an extremely viable and promising alternative.
Lastly, the estimated thermodynamic parameters are shown in Table 5 . The equilibrium constant (k e ) rose with the temperature. This indicates that the formation of the GTB/MB was enhanced at higher temperatures. The favorable and spontaneous character of the MB adsorption onto GTB was confirmed by the standard Gibbs free energy (ΔG 0 ) values, which ranged from − 10.77 to − 8.09 kJ mol −1 . The value of standard entropy (ΔS 0 ) was 0.089 kJ mol −1 K −1 . This positive value indicates a rearrangement of the MB molecules on the surface of the GTB material. The magnitude of the standard enthalpy (ΔH 0 ) was found 18.58 kJ mol −1 , and this indicates that the MB adsorption on GTB was physical in nature (Machado et al. 2011) . The endothermic character of the adsorption system MB/GTB was proved by the positive sign of ΔH 0 . Performance of fixed-bed adsorption of MG onto GTB In general, the final application of the adsorbent is in the continuous adsorption. In this way, here, the MB/GTB system was studied in a fixed-bed continuous operation, and the results are presented in Fig. 7 . The curve shows that the column can operate for 325 min (t e ) without regeneration. Until the breakthrough time, the fluid leaving the system was transparent, and after, the color starts to appear until reaching the equilibrium, in the region of the exhaustion time (605 min). The parameters for the dynamic models are presented in Table 6 . The models presented an R 2 of 0.9966 and MSE of 0.0668 × 10 −5 , indicating a good fit with the experimental data. The Thomas model predicted the adsorption capacity with the precision of 99.96%. In a similar way, the Yoon-Nelson model obtained a precision of 99.89% in relation to the τ. This indicates that both dynamical models can be applied for describing the fixed-bed adsorption of MB onto GTB. These results reveal that GTB is also promising to treat colored effluents in continuous operation mode.
Color removal from the dye house effluent
Normally, colored effluents are composed by more than one dye and also, by other substances, like salts for example. So, it is important to test the adsorbent in a solution with different dyes and other compounds. In this work, a simulated dye house effluent, containing the composition according to Table 1 , was subjected to an adsorption treatment with 3.5 g L −1 of GTB , during 3 h under agitation of 150 rpm. The spectrum of the simulated effluent before and after the adsorption with GTB is presented in Fig. 8 . In the spectrum before adsorption (black line), a broad band was found from 520 to 670 nm, with absorbance around 4. This band is relative to the three dyes used in the synthetic effluent, i.e., methylene blue, crystal violet, and malachite green. Fortunately, after the adsorptive treatment, the values of absorbance for the treated effluent (red line) were extremely inferior. As a result, the area under the curve for treated effluent was extremely low. Comparing the areas below to the curves, it is possible to calculate a discoloration efficiency of 96%. This result proves that GTB was also efficient to treat a solution with different dyes and salts.
Conclusion
A low-cost adsorbent powder was prepared from the golden trumpet tree bark (Handroanthus albus) and evaluated in the adsorption of MB. It was found that the adsorption was more favorable at pH 10 and adsorbent dosage of 0.5 g L −1 . It was found rapid adsorption kinetics, reaching the equilibrium at 25 to 30 min, being the general order model the most appropriate model. The isotherms were of L2 type and were best described by the Langmuir model. The maximum adsorption capacity increased with the rise of the temperature, reaching 232.25 mg g −1 at 328 K. The thermodynamic parameters indicate that the adsorption process was favorable, instantaneous, and endothermic, being controlled by the entropy. In relation to the column experiments, it was found an inclined advance curve with a breakthrough time of 325 min. Both dynamic models were able to describe the breakthrough curve. Lastly, the application of GTB in the treatment of simulated effluent reached 96% of color removal. The results found in this research indicated that the GTB can be applied as an adsorbent for the removal of MB from wastewater/effluents. 
